Since the introduction of intravenous therapy, fluids containing glucose or saline in relatively isotonic concentrations have far exceeded others in use. Within the last decade new techniques in many areas of diagnosis and treatment have required that fluids of various tonicity and viscosity be introduced into the blood stream with such rapidity or in such great volume as to preclude adequate dilution with the circulating cells and plasma.
Several in vivo studies (1) (2) (3) (4) have demonstrated the effect of hypertonic solutions on blood flow. Some authors (5) (6) (7) have noted circulatory changes, especially in the pulmonary vascular bed, secondary to the injection of angiographic contrast media, which are both hypertonic and highly viscous. Others (8) (9) (10) (11) have commented on the benefits of gross dilution of perfused blood during extracorporeal support for open-heart surgery, and some data have been presented concerning the flow properties of blood diluted with solutions of dextrose (12) or dextran (13, 14) .
At any given shear rate or temperature it is the concentration of red cells which primarily affects the viscosity of whole blood. Viscosity rises with an increasing hematocrit. While investigating the effects of various intravenous solutions on the hematocrit and viscosity of whole blood in vitro, we have noted that under certain conditions a drop in hematocrit has been accompanied by a rise in viscosity, whereas under other circumstances an increase in hematocrit has been accompanied by a fall in viscosity. The significance of these findings in respect to the flow of blood exposed to diluents of varying osmolality and viscosity appears to be of sufficient importance to warrant reporting at this time.
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Methods
The principal experiments were designed to measure changes in the viscosity of blood after its in vitro dilution by solutes that alter either plasma tonicity or plasma viscosity. To study the effects of tonicity, compounds were selected that vary in their ability to permeate the red cell membrane and hence in their ability to produce cell distention or creation by osmotic gradients; all are components of common intravenous fluids. Wide ranges of dilution and concentration were explored. The parameters measured, in addition to blood and plasma viscosity, included osmolality, water content, and hematocrit. Since the initial number of red cells remained constant in each case, variations in hematocrit from the level predicted on the basis of equivalent isotonic dilution indicated changes in cell size. Similar methods were used to study the response of blood viscosity to changes in plasma viscosity, except that isotonic solutions of high and low molecular weight dextrans were the diluents.
Specifically, to compare hypotonic and isotonic dilutions, deionized water or isotonic saline (0.9 mg per 100 ml, 287 mOsm per kg) was added to samples of fresh human blood with hematocrit adjusted to 45. The following proportions were used: 1 ml diluent to 19 ml blood (1:20), 2 ml diluent to 18 ml blood (1:10), and 4 ml diluent to 16 ml blood (1: 5). Measurements were made on the original (control) and diluted samples after 30 minutes. These experiments were performed in quadruplicate on blood from different normal donors.
To evaluate the effect of cell distention or creation on blood viscosity, 1: 20, 1: 10, and 1: 5 dilutions were made as described above with multiple concentrations of saline (0. Samples were measured for whole blood viscosity and hematocrit, for plasma viscosity, osmolality, water content, and specific gravity. Whole blood viscosity (centipoise) 1 was measured at shear rates from 212 seconds-1 to 5 seconds-1 at 37.00 C with a Brookfield micro coneplate viscometer after the method of Rand, Lacombe, Hunt, and Austin (15) . Although complete information regarding the response of viscosity at all shear rates has been presented in some instances, values at 106 seconds-1
have been used to demonstrate viscosity changes between samples. This particular shear rate was selected because it is slow enough to reflect the shear-rate-dependent character of whole blood yet rapid enough to provide excellent reproducibility throughout the hematocrit range involved. Normal values at this shear rate (Table II) and normal viscosity-shear-rate curves for each hematocrit were derived from data previously obtained in this laboratory (15 Water contents (g water per 100 g plasma) were determined gravimetrically by the desiccation of 2.00 ml (Van Slyke pipette) of plasma. Osmolality was meas- Results Isotonic and hypotonic dilution ( Figure 1 ). When increasing volumes of either plasma or isotonic saline are added to whole blood, a predictable linear drop in hematocrit occurs. With saline dilution, however, plasma undergoes an increase in water concentration, a decrease in protein concentration, and a fall in viscosity. As a result, the viscosity of this blood remains lower than that of whole blood equally diluted with plasma.
Although the same plasma changes take place when equivalent dilutions are made with deionized water, the fall in hematocrit is delayed due to osmotic swelling of the red cells. Despite this increase in red cell size, viscosity decreases to the same extent as it does with equal isotonic dilution. Further examples of decreased viscosity in the face of hypotonic dilutions and osmotically distended cells are provided by hypotonic dilutions of solutes tested in the subsequent series of experiments (see Figure 3) .
Hypertonic dilution. In hypertonic concentrations, each of the solutes used in this study differs in its effect on red cell size. This is best demonstrated by noting the change in hematocrit that results from equal dilution of identical blood samples with increasingly concentrated solutions. These relationships are presented in Figure 2 . As osmolality increases, the hematocrit response will depend on the permeability of the red cell membrane to the particle in question. If it is freely diffusible, as in the case of urea, no osmotic gradients will prevail, and cell size will not diminish; if it cannot enter the cells, as exemplified by mannitol, water will be extracted, cells will crenate, and hematocrit will fall. Saline ( Figure 3A) . When increasingly concentrated samples of saline are used to make 1: 10 dilutions with whole blood, hematocrit drops rapidly. As has been previously shown, dilutions in the hypotonic and isotonic range make the blood less viscid. Despite the continuing fall in hematocrit, however, blood viscosity begins to rise as the plasma is made more hypertonic. The viscous effect of aqueous plasma dilution is overcome as plasma osmolality exceeds 350 mOsm per kg. Beyond this point the viscosity of these mixtures remains well above the levels that would be expected in undiluted blood at similar hematocrits. Sodium chloride appears to differ from other compounds tested in that it fails to produce a further rise in viscosity at extreme degrees of hypertonicity.
Mannitol ( Figure 3B ). As creation is produced by increasingly hypertonic solutions of mannitol, hematocrit falls, and, as in the studies with sodium chloride, viscosity rises. With mannitol the viscosity rise continues in the extremely hypertonic samples. No change in the upward slope of the viscosity curve was seen with plasma osmolalities as high as 600 mOsm per kg. The larger size of the mannitol molecule creates a slight increase in plasma viscosity and a decrease (by displacement) of plasma water. Neither of these changes seems of sufficient magnitude to affect whole blood viscosity.
Dextrose ( Figure 3C ). Since the red cell membrane is, to a degree, permeable to dextrose, creation will not occur until plasma osmolality has been elevated to moderately hypertonic levels by the addition of increasingly concentrated solutions. While the red cells are swollen with added dextrose and water, blood viscosity remains depressed by plasma dilution. After exposure to plasma above 400 mOsm per kg, creation occurs and blood viscosity increases. As in the case of mannitol, the rise is linear and remains so in extremely hypertonic samples (953 mOsm per kg). Changes in plasma water and viscosity again do not seem sufficient to explain the degree of blood viscosity change.
Urea ( Figure 3D ). Although urea is an osmotically active particle, it is freely diffusible across the red cell membrane and therefore will not produce creation when present in hypertonic concentrations in the plasma. The rise in hematocrit observed in the urea dilutions is proportional not to its concentration (since no osmotic gradients are formed) but to the degree to which its aqueous solvent dilutes the plasma. (Table III) that the increase in viscosity after hypertonic dilution is indeed greater at higher hematocrits. Furthermore, this change takes place despite a drastic reduction in hematocrit secondary tow crenation.
Dilution with dextrans ( Figure 4) . In previous experiments whole blood viscosity has been changed by osmotic effects. By using dextrans of various molecular weights, solutions were made up with physiologic saline that were essentially isotonic (hematocrits remained constant) yet (18, 19) , it should not be concluded that their effect on whole blood viscosity is entirely a reflection of the changes in plasma viscosity.
Shear-rate dependence ( Figure 5 ). The prop- erty of whole blood to become rapidly more viscid at low shear rates is related primarily to the concentration of red cells (20) , secondarily to the relative concentrations of the plasma proteins (21, 22) . With the addition of isotonic fluid, therefore, the viscosity-shear-rate curves tend to be lower and more gradual as both cells and plasma are diluted. We have repeatedly observed the same response in blood with hypertonic plasma whether osmolality has been increased by dilution with concentrated solutes or by the addition of dry sodium chloride. It may be pertinent that both methods increase the absolute amount of water in the plasma from either exogenous or endogenous (extracted cell water) sources and that plasma viscosity is diminished. Dilution with 10,000 mol wt dextran did little to the sheardependent character of whole blood, but dilution with high molecular weight (150,000) dextran produced greatly elevated whole blood viscosity values that also demonstrated an increase in shear-rate dependence at low shear rates. Discussion The significant degree to which whole blood viscosity is affected by plasma proteins has been studied by Wells, Merrill, and Gabelnick (21) , who point out that dilution of proteins reduces whole blood viscosity both by decreasing plasma viscosity and by diminishing protein-induced red cell aggregation [the "viscosity plus factor" of Gelin (23) and the "second heterophase effect" of Merrill and co-workers (24) ]. Our data demonstrate that the viscosity-reducing effects of isotonic and hypotonic dilution are similar, despite the osmotic increase in red cell size in hypotonic plasma. These results should be compared with those of Gregersen and associates (25) , who demonstrated an increase in viscosity with increasing cell size (20 p3 to 114 /3) using blood samples of equal hematocrit from several mammalian species.
Although the decrease in blood viscosity after hypotonic dilution is satisfactorily explained on the basis of plasma protein dilution, one might speculate that the osmotically distended spheroidal cells present less surface area for intercellular contact than biconcave discs and thus offer less resistance to flow. If this were the case, however, the viscosity levels after equivalent isotonic and hypotonic dilutions would not have agreed so closely. It should also be noted, in view of recent work (26, 27) suggesting a correlation among intracellular viscosity, mean cellular hemoglobin concentrations, and whole blood viscosity, that despite the decrease in mean corpuscular hemoglobin concentration produced in our hypotonic samples, the drop in blood viscosity was not significantly greater than in isotonic samples. Our findings do not agree with those of \Wells, Cox, and Shahriari (28) (26) and Dintenfass (27) have presented evidence that the viscosity of blood is affected by the elastic deformability of the red cell, which is dependent in turn on the viscosity of the cell contents. Hypertonic nonpermeant solutes, by removing cell water, would increase intracellular viscosity.
In a separate study to explore this point we measured the viscosity and water contents of intracellular material obtained by freeze-thaw lysis and centrifugation of red cells from blood samples exposed to various concentrations of solutes previously mentioned. As would be expected, hypertonicity decreased cell water and increased the viscosity of the cellular contents.
Although the information from this study sup- (13) has shown that blood viscosity increases with an increase in the molecular weight of the added dextran. Recent measurements with variable shear-rate viscometers have provided evidence that this increase is more than would be expected from changes in plasma viscosity alone and that the rise in blood viscosity is more pronounced at low shear rates (23, 30) .
Classic studies by Swedish workers (18) revealed that high molecular weight dextran causes red cell aggregation, whereas low molecular weight dextran reverses or prevents it. Microelectrophoretic evidence (19, 31) suggests that this phenomenon involves changes in the charge of the red cell membrane. What is of primary interest to us is the degree to which plasma viscosity must be raised in a relatively isotonic medium to achieve blood viscosity elevations equal to those produced in hypertonic media. This information nullifies the significance of the slight shifts in plasma viscosity seen in our electrolyte and crystalloid dilutions and provides a frame of reference for studies involving highly viscous radiographic dyes to be mentioned. A satisfactory explanation for the effects of the dextrans and other macromolecular diluents on blood rheology will require considerable further investigation.
Whereas the addition of large molecules to blood tends to make its viscosity more shear-rate dependent, the addition of hypertonic solutes, which dilute plasma proteins, appears to flatten viscosity-shear-rate curves. Shear-rate dependence is more responsive to changes in plasma composition than to changes in cell size or shape. Our viscometer lacked sufficient sensitivity at shear rates low enough to explore this point adequately, but the implication would be that the increased viscosity of hypertonic blood would not rise to substantially higher values as shear rate decreased. In the postcapillary venules, where shear rate may be low, this blood should not impede flow to the same extent as normal blood with equivalent viscosity at high shear rates.
Clinical implications. The establishment of total body perfusion using an oxygenator primed either with 5%o dextrose in water or physiologic electrolyte solution provides the most dramatic clinical example of isotonic or hypotonic blood dilution. In comparison with perfusions using whole blood only, venous return is increased, higher flow rates may be achieved, and blood pressure is more uniform (32) . Cooley, Beall, and Grondin (10) report less aggregation and blood sequestration in the microcirculation, improved renal function, and fewer cerebral, pulmonary, and renal complications resulting from hemodilution perfusion. Although these signs of improved peripheral blood flow may all stem directly or indirectly from changes in the physical properties of blood, this point cannot be proved convincingly until the relationship of blood viscosity to flow through the microcirculation is more clearly established.
Although high molecular weight dextrans have not been found safe for clinical use, dextrans with molecular weights of 40,000 or less have received much attention because of their ability to prevent intravascular aggregation of red cells and because of the beneficial responses said to result from their clinical use. Since isotonic saline or 5%' dextrose in water is used as a vehicle for dextran infusion, we feel that dilution alone may figure importantly in these effects. This point certainly requires further clarification.
Hypertonic medications such as 50% dextrose in water or concentrated sodium bicarbonate are usually administered in such small volumes and at such slow rates as to preclude hemodynamically important systemic effects. It has been observed that the extended infusion of hypertonic solutions of nonpermeant particles such as mannitol produce decreased blood viscosity and increased flow in vivo, at least as measured through the kidney (29, 33, 34) . Dilutions with water from the extravascular spaces as well as from the red cells probably explain these findings. More rapid injections of hypertonic solutions, however, have been shown repeatedly to produce pulmonary hypertension and peripheral hypotension, the response being proportional to the concentration and (35) .
In an additional study we attempted to demonstrate the effect of the radiographic dye AngioConray (sodium iothalamate 80% )2 on blood viscosity by studying increasing dilutions of whole blood with the dye (experiment performed in quadruplicate. See Figure 6 ). The initial hematocrit of the control samples was 50. The addition of 1 ml of Angio-Conray to 9 ml of this blood produced marked creation resulting in a fall of hematocrit far below that which would be expected with equal isotonic dilution. Despite dilution, however, blood viscosity rose to levels twice as high as would be expected at the hematocrits produced. Further dilution with this compound, which, by itself, has the same viscosity at 2 Mallinkrodt Chemical Works, St. Louis, Mo.
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106 seconds-' as whole blood of hematocrit 65, produced no further drop in hematocrit or rise in viscosity.
To have an effect in the pulmonary circulation after injection into the right ventricle, the changes we have noted must occur within seconds. To establish this point, a hemocytometer chamber was partially filled with a suspension of red cells in plasma. Rapid serial photographs were then taken as a drop of Angio-Conray was introduced under the coverslip. Exposures were made at 2-second intervals starting with the addition of the dye. On all occasions creation had taken place by the time cell movement had slowed sufficiently to observe it, an interval of less than 2 seconds.
This information emphasizes two points regarding the effects of angiographic agents on blood flow in vivo. 1) Viscosity is greatly increased by dilutions that are usually equalled or exceeded clinically, and 2) the viscous effects are magnified by increasing red cell concentration ( Figure 4) . The implications are that these agents should be used with caution in the presence of polycythemia and especially in the presence of pulmonary vascular disease.
Summary
In this study viscosity changes have been measured in whole blood after in vitro dilution with varying concentrations of several intravenous agents. In the presence of fixed red cell concentrations, the following responses have been noted: 1) Isotonic dilution depresses both plasma and whole blood viscosity.
2) Hypotonic dilution produces the same effects despite osmotic swelling of the red cells and a consequent rise in hematocrit.
3) Hypertonic dilution causes a marked rise in blood viscosity if creation is produced; hypertonic concentrations of diffusible solutes (urea) produce neither creation nor a rise in blood viscosity.
4) The rise in viscosity with creation is not due to increased plasma viscosity and takes place despite a marked decrease in hematocrit.
5) The dependence of blood viscosity on shear rate is reduced by both hypotonic and hypertonic saline or mannitol dilution but accentuated by dilution with dextrans of increasing molecular weight.
Physiologic implications of these changes are discussed. The response to angiographic dye dilution is presented to emphasize their clinical significance.
